The musculoskeletal system, which includes bone, cartilage, tendon/ligament, and skeletal muscle, is becoming the targets for tissue engineering because of the high need for their repair and regeneration. Numerous factors would affect the use of musculoskeletal tissue engineering for tissue regeneration ranging from cells used for scaffold seeding to the manufacture and structures of materials. The essential function of the scaffolds is to convey growth factors as well as cells to the target site to aid the regeneration of the injury. Among the variety of biomaterials used in scaffold engineering, silk fibroin is recognized as an ideal material for its impressive cytocompatibility, slow biodegradability, and excellent mechanical properties. The current review describes the advances made in the fabrication of silk fibroin scaffolds with different forms such as films, particles, electrospun fibers, hydrogels, three-dimensional porous scaffolds, and their applications in the regeneration of musculoskeletal tissues.
Introduction
The organ damage or function failure is a big problem that threatens human health. Millions of patients die of the diseases of organs every year. Musculoskeletal tissues, include bone, cartilage, tendon, ligament, and skeletal muscle that are easily injured or affected. However, their poor recovery ability often causes pains, joint instabilities, and even disabilities. In clinical, it is an effective way to replace the damaged parts with normal tissue or organs. The key problem we are facing is the shortage of donor. This persistent actuality spurred the development of tissue engineering. 1 As its imperious demands, most studies are focused on the musculoskeletal system. 2 A biomaterial scaffold with appropriate surface and connected porous structure is critical for musculoskeletal tissue engineering (MTE), because cell attachment, growth, and differentiation on the materials need sufficient nutrition and oxygen to perform a desired tissue/organ function. 3 Besides, appropriate mechanical properties that match the repaired tissue are necessary. 4, 5 At the same time of tissue growth, the scaffolds will gradually degrade and eventually be replaced by the new tissues. Both natural and synthetic polymers have been widely used for MTE. 6, 7 Synthetic materials such as polylactic acid (PLA), polyurethane (PU), poly(lactide-co-glycolide), and polycaprolactones are very useful biomaterials due to their properties (e.g. degradation time, plasticity, and mechanical characteristics) and can be easily customized for some specific applications. Nevertheless, these advantages are eclipsed by their degradation products that are acidic and harmful to the body, which limits their potential use. In comparison with synthetic polymers, although natural biopolymers such as collagen, elastin, gelatin, and chitosan offer better cyto-and biocompatibility for the existence of embedded structural and functional molecules, they have limitations such as difficulty in processing and often with poor mechanical properties. 7 Silk has been used as sutures in clinical for decades. The generally used silk is a member of the Bombycidae family, Bombyx Mori silk, which is known as mulberry silk. Silk is composed of two fibroin fibers with a triangle cross section that is bonded by glue-like sericin proteins. 8, 9 The silk fibroin (SF) is the main component of silk. The sericin-free fiber was found to exhibit remarkable biocompatibility. [10] [11] [12] SF-based scaffolds have good biodegradation properties and their degradation products can be absorbed. Besides, there are abundant amino groups and carboxylic groups on the surface of SF which may be benefit for functional modification. SF is deemed as the most preferred natural material for use in scaffolds because its mechanical properties surpass many other biological materials. The secondary structure of SF is demonstrated to determine many of its biomaterial properties, such as mechanical properties and biodegradability. As a result, the properties of SF scaffolds can be regulated by adjusting its secondary structure. [8] [9] [10] [11] [12] Among the SF scaffolds mentioned above, all of them except salt-leached processing ones have a random coil structure which is soluble in water. 8, 9 After treated with alcohols or water annealing, the conformation of SF changes from the random coil to the water insoluble b-sheet or ahelix structure. 13 On the other hand, to enhance a specific property of the scaffold for certain application, surface treatment approach is developed. Materials treated with lectin, 6 plasma, 14 gelatin, 15 peptide, 16 etc. were proved to benefit the regeneration of musculoskeletal system. Surface modification has become an important protocol for MTE. Moreover, studies on other sources of SF such as non-mulberry and spider silk have got increased attention in the recent years. 17 The present review is focused on recent researches about silk-based materials in the area of musculoskeletal tissue regeneration. Different forms of silk scaffolds are discussed, followed by their applications in bone, cartilage, tendon/ ligament, and skeletal muscle regeneration.
Morphological diversification of silk scaffolds for MTE
As residual sericin may cause bio-incompatibility problems, 2, 9 SF used in MTE should be degummed thoroughly first. To prepare various materials, degummed silk is dissolved, dialyzed, and centrifuged to get fresh SF solution. 13 SF solution can be fabricated into films, particles, electrospun fibers, nets, sponges, hydrogels, and threedimensional (3D) porous scaffolds. [14] [15] [16] [17] [18] They have been widely used in musculoskeletal, vascular, skin, and nerve tissue engineering. Pictures of different morphologies of silk-based biomaterials for MTE are shown in Figure 1 .
Films SF films can be casted from SF solutions, 26 as well as blending with other polymers 27 or growth factors. 28 Fabrication of silk films by a layer-by-layer technique has also reported. 29 Additionally, silk films formed by Langmuir-Blodgett and spin coating have been obtained. 30, 31 As most SF remains random coil structure, the stability of Figure 1 Representative biomaterial scaffolds fabricated from silk and silk fibroin solution for MTE: braided silk cords, 9 knitted silk nets, 19 silk fibroin films, 20 silk fibroin microparticles, 21 electrospun silk fibroin nanofibers, 22 3D porous silk fibroin sponges, 23, 24 and silk fibroin hydrogels. 25 (A color version of this figure is available in the online journal.) such cast films is low, which leads to the water-soluble SF films. To solve this problem, the cast films should be posttreated by water annealing, 32 stretching, 33 or alcohol immersion to improve the b-sheet crystallinity. Besides, certain pretreatment of the silk solution can also obtain waterinsoluble films, such as controlled drying process 26 or adding glycerinum to the SF solution. 29 Particles SF particles can be produced by freeze drying the SF solution or milling the solid SF into micro/nanoparticles. 34 Fabrication of silk particles by self-assembly, freezethawing, jet breaking, or spray drying is also reported. 21 Although milled particles are generally used for improving scaffold mechanical properties and cytocompatibilities, regenerated SF particles are mainly used for drug carriers. 35 Apart from the large specific surface and biocompatibility, the biodegradability gives silk particles a big advantage in drug delivery field. The increased significance of nanoparticles in the biomedical fields has attracted the attention of many researchers.
Electrospun fibers
Electrospun SF mats are used as biomaterials for their raised surface area. The rough feature is of benefit for cell adhesion and proliferation. 22 Appropriate viscosity of the solution is required and the solvent should be volatile to prevent the spinning fiber pasting. The all-aqueous processproduced SF electrospun mats have good biocompatibility. However, it is difficult for SF aqueous solution to meet the requirements of electrostatic spinning. Fibers have a large variation in diameter size and an irregular morphology. 36 Thus, organic solvents such as hexafluoroisopropanol (HFIP) and formic acid are widely used instead of water. 37 Organic solvents-based solution can be easily fabricated into electrospun mats with a relatively uniform fiber diameter. Nevertheless, the residual organic solvent will lower the substrate cytocompatibility. Electrospun fibers from aqueous SF solution that mixed with polymers were also setted. 38 The fibers can be prepared in a variety of diameters, which is controlled by the solution; the processing mode; the ambient parameters such as viscosity and conductivity, the field strength, flow rate, temperature, and the space between the spinning tip and the collection plate. 22, [37] [38] [39] The structural stability of the electrospun fibers can be further improved by methanol treatment as well. 39 
Three-dimensional porous scaffolds
The 3D biomaterial scaffolds with high porosity are crucial for cell adhesion, growth, and migration. Both the necessary nutriment and metabolic waste are transported through the porous structure. The 3D porous scaffolds are usually prepared by porogen leaching, gas foaming, or lyophilization techniques. 23, 24 Lyophilization is an important means to fabricate SF porous materials. The structure parameters of the porous materials such as strength and elongation can be regulated by controlling freezing temperature and concentration of the SF solutions. 23, 24 Moreover, aligned scaffolds can be obtained by controlling the frozen conditions. 40 Pore sizes and morphologies are decided by ice crystals whose formation depends on the freezing temperature. Usually, lower freezing temperature results in smaller pore size. The pore sizes distribute between tens and hundreds microns. Freeze-dried scaffolds have good porosity and pore structure. Aligned scaffolds can be prepared by freeze drying as well, 40 while their structural stability is poor and should be treated to improve the b-sheet crystallinity.
Solvent-based scaffolds were obtained by using salt or sugar particles as porogen. The most broadly studied is saltleached scaffolds which use sodium chloride as porogen. The pore sizes are dependent on the porogen particles. Although it is very hard to get aligned scaffolds by saltleached method, the salt-leached scaffolds have excellent connective structure, high porosity, and easy sizeregulating pores compared to freeze-dried scaffolds. 41 Moreover, the structure of salt-leached scaffolds is stable without any treatment. These benefits make salt-leached scaffolds commonly used in MTE applications.
Hydrogels
Hydrogels are 3D polymer networks with water as the dispersion medium. Hydrogels provide an option for the delivery of cells and growth factors. Moreover, the mechanical behaviors of silk hydrogels matched the load-bearing demand for some tissue regeneration. SF hydrogels can be obtained using alcohols, acids, sonication, ions, or lyophilization, 25, 42 and be formed into b-sheet structures. 20 The gelation process of SF hydrogels can be regulated by pH value of the SF solution. When the pH value is close to the isoionic point, the gelation time will be short. 43 SF gelation is also affected by SF concentration, gelation temperature, concentration of ions, and the ultrasonic power. Each of the above increased factors will shorten the time of SF gelation. 43 Recently, a new hydrogel was reported to be able to transform between solution and hydrogel several times, 44 which might be helpful for the injectable delivery system.
Combined scaffolds
Scaffolds fabricated by one method miss to match all the requirements of tissue repair. To overcome the limitation, combined scaffolds have been developed. Combination fabrication is a method that fabricates scaffolds with two or more fabrication techniques, such as porous scaffold/ particles, 24 porous scaffold/membrane, 45 and hydrogel/ fibers. 46 Combination fabrication can better match the tissue regeneration requirement and broaden the use of SF materials.
Applications of silk scaffolds in MTE
Biomaterials used in MTE should have homologous mechanical properties, such as similar compression modulus and appropriate degradation rate to remain the morphology and function of tissues. Scaffolds used in different tissue regenerations have to be designed, respectively, based on the special requirements. To meet these requirements, SF-based materials are trialed, and achievements are introduced below.
Bone tissue engineering
Bone is a complex, rigid, highly vascularized architecture, and specialized connective tissue composed of 70% mineral and 30% organics by dry weight. 47 The osseous tissue includes calcified intercellular substance and osteocytes. The primary role of bone is to support the body and keep organs in the body from damages. Thus, injury or disease of bone will seriously affect the quality of life. Various porous scaffolds have been prepared and the effects used in bone regeneration have been studied. However, an ideal scaffold closely mimicking the architecture of native bone is still absent.
Owing to its excellent biocompatibility and good mechanical properties, silk has received significant attention as a bone rebuilding material. 48 SF scaffolds were proved to support the differentiation of mesenchymal stem cells (MSCs) into osteoblast in vitro. For example, Bini et al. 49 fabricated a recombined spider silk film and proved its potential to induce the differentiation of human bone marrow derived mesenchymal stem cells (hMSCs) into bone tissue with osteogenitic stimulants. The recombinant spider silk improved the hMSCs osteogenic differentiation outcomes and displayed enhanced bone-related outcomes while compared with tissue culture plastic. In another study, SF scaffolds produced using different solvents, pore sizes, and structures were seeded with human adiposederived stem cells for bone tissue engineering. The results showed that HFIP-derived SF scaffolds with a pore size of 400-600 mm demonstrated the best bone regeneration outcomes. 50 Porous SF scaffolds were produced by Uebersax et al. using two different SF sources in a water-or a solventbased process. 51 All the scaffolds were used to repair the defects in the tibia and humerus cancellous bone in a sheep model. New bone formation was found after eight weeks of implantation. However, porous 3D SF scaffolds, or SF hydrogels, usually fail to match the mechanical demands of bone tissue engineering. To generate a scaffold with satisfactory mechanical performance for osteogenic tissue formation, Rockwood et al. reinforced SF hydrogels with SF microparticles. 52 Compared to SF hydrogels, the compressive modulus of the reinforced scaffolds was improved over sixfold for 1:2 (matrix:particle) reinforcement. With the increase in loading of SF microparticles, the osteogenic capabilities of hMSCs significantly increased for up to six weeks and the calcium absorption was enhanced greatly.
Hydroxyapatite (HA) has similar structure to the inorganics of bone. It has been widely used in bone engineering because of its osteoinductivity. 53 The HA/SF scaffolds have been prepared by various technologies and were found to support the MSCs differentiation toward bone tissue regeneration. [54] [55] [56] Jiang et al. 55 produced regenerated SF microspheres and HA was deposited onto the scaffolds using an alternate soaking process. Similarly, nano HA/SF scaffold was developed and proved its compatibility with MSCs of rats. 56 Recently, Liu et al. proved that adding mesoporous bioactive glass/HA nanocomposite (MGHA) into SF scaffolds would adjust the mechanical performance and surface properties of the scaffolds. 57 Results of bone formation for rat cranial bone defects in vivo confirmed that the compound was more beneficial in bone regeneration than pure SF. It was found that the superior bone regeneration capacity of the SF/MGHA material owed to the chemical interactions between the native tissues and grafted scaffolds, as well as the scaffold surface bioactivity.
Biomaterials incorporated with growth factors have been demonstrated to have improved repair ability. For example, Li et al. added the bone morphogenetic protein 2 (BMP-2) into SF solution and produced scaffolds by electrospinning for hMSC culture. 58 Results showed that the scaffolds with BMP-2 expressed more calcium deposition than those without ones. Similarly, while further combined with nanoparticles of HAP, improved mineralization was observed as well. Demineralized bone matrix (DBM), a biomaterial mainly formed with BMPs and collagen, is usually used in bone regeneration for its osteoinductivity. A salt-leached 3D porous SF scaffold was produced to improve the characteristics of DBM powders and to enhance the adhesion, proliferation, and osteoblastic differentiation of BMSCs. 59 
Cartilage tissue engineering
Cartilage preserves the subchondral bone from high stresses in the joint. Cartilage is not so hard and stiff as bone which results in an efficient load distribution to avoid most damages. 60 Cartilage damage is usually associated with joint instability, sharp pain, and loss of articular motion. 60 However, cartilage is an avascular connective tissue and the self-healing capacity of cartilage is poor. 61 Several methods and matrixes have been used in the articular cartilage regeneration. 62 Among them, engineered tissue implants are noticeable and provide a hopeful approach to cartilage regeneration.
Gellynck et al. developed three different scaffolds with dragline silk fibers, Araneus diadematus egg sac and Bombyx mori cocoons, and examined their effects for chondrocyte adhesion and growth. 63 Chondrocytes adhered and proliferated on these scaffolds while producing extracellular matrix during the cultivation. Wang et al. 64 fabricated a highly porous SF scaffold through an aqueous process and combined it with hMSCs for in vitro cartilage regeneration. In the presence of inducers such as TGF-b3 and dexamethasone, the hMSCs favorably differentiated along the chondrogenic pathway within the 3D matrix. And then, they cultured human chondrocytes on the same SF scaffolds and found that the cell density was decisive for the differentiation of the chondrocytes. 65 This work diversified cell sources in the combination with SFbased scaffolds for cartilage regeneration applications. In another study, a three-layered SF meniscal material system was designed by Mandal et al. to mimic the native meniscus structure. 66 Human chondrocytes and fibroblasts were seeded on the scaffold in a manner similar to native tissue. Improved mechanical properties and ECM alignment with culture time showed that the construct was a promising template for directed meniscus-like tissue growth.
Compared with other scaffold formats, the injectability, shape-conforming capacity, and the ability to evenly suspend chondrocytes and maintain their chondrogenic phenotype make hydrogels a more suitable scaffold for cartilage regeneration. Parkes et al. 67 developed SF hydrogels with controlled pore sizes between 10 and 40 mm which led to a comparable compressive modulus to cartilage. To imitate the construction and function of native cartilage, Yodmuang et al. 68 prepared silk microfiber-reinforced SF (SF-silk) hydrogel composites and evaluated its use for in vitro cartilage development. After 42 days of culture, the chondrocytes showed excellent cellular responses on SF-silk hydrogels. Fiber reinforcement led to the formation of more mechanically robust constructs in comparison to the control group. Moreover, chondrocyte-seeded SF-silk hydrogels generated cartilage constructs which fell in the region of equilibrium modulus of native cartilage tissues.
It is of great significance to establish stable cartilage in an inflammatory condition for arthritics as their joints have senior standards of pro-inflammatory cytokines. Kwon et al. found that under inflammatory conditions or noninflammatory conditions, chondrocytes growing in collagen and SF scaffolds both showed higher levels of cartilaginous genetic expression than those in PLA scaffolds. 69 They studied the effect of materials on the reactions of chondrocytes to tumor necrosis factor a and interleukin-1b-mediated inflammatory stimuli. The collagen and SF scaffolds had higher water-absorbing quality and released pro-inflammatory cytokines faster than PLA scaffolds.
Blends of SF and other materials were also prepared for cartilage restoration. Bhardwaj et al. constructed SF/chitosan blended materials and studied their use for cartilage regeneration. SF acts as a matrix for cell growth and chitosan has a molecular structure similar to glycosaminoglycans. 70 Similarly, Mirahmadi et al. prepared new hydrogels by adding degummed minced silk fibers or electrospinning mat of SF into the thermosensitive chitosan/glycerophosphate hydrogels. The mechanical properties of both hydrogels were obviously improved and the enhanced hydrogels improved the attachment, proliferation, as well as substrate production of chondrocytes. 46 
Ligament and tendon tissue engineering
Ligament and tendon are both dense connective tissues. Ligaments are cord-like tissues connecting bones to bones, and tendons are those that attach muscles to bones. They own high tensile strength which is vital in regulating the normal movement and the joint stability. Ligaments and tendons are usually impaired during sports and other furious activities which may lead to instability and abnormal joint movement. 71 However, they do not have a strong regeneration capacity and hence significant joint dysfunction may be caused. Different kinds of treatments have been applied for repairing ligament/tendon injuries, and ligament and tendon tissue engineering may offer a more efficient therapeutic method than the traditional approaches.
The perfect mechanical properties provided unique benefits to silk as an ideal ligament/tendon restoration material. [72] [73] [74] Spider silk bundles were braided into sutures by Hennecke et al. 74 and the sutures exhibited quite well tensile strength which will be appropriate to tendon restoration. Altman et al. 73 braided a silk fiber matrix which successfully matched the mechanical properties requirements of the human anterior cruciate ligaments. The real-time polymerase chain reaction (RT-PCR) evaluation of hMSCs-seeded scaffolds indicated that the expression ratio of collagen I to collagen III was 8.9:1, in line with that of the native cruciate ligaments. However, braded materials suffered problems in nutrient delivery and cell infiltration. To overcome these drawbacks, knitted scaffolds have been developed. Knitted scaffolds have sufficient internal spaces which are of benefit for communicating. Moreover, they avail the deposition of tissue matrix associated with collagen producing, which is crucial for ligament regeneration. 19, 75, 76 Gel systems are usually needed to seed cells on knitted scaffolds. However, as the cell-gel composite easily separate from scaffolds during motion, the gel systems were not suitable for ligament restoration in the joint. To solve this problem, Liu et al. 72 used porous SF sponges to cover the large pores of knitted silk scaffolds. While the knitted structure offered the scaffold excellent mechanical properties, the microporous structure of SF sponges mimicked the ECM which promoted cell attachment, proliferation, differentiation, and function. Subsequently, the scaffolds were used to rebuild the anterior cruciate ligament (ACL) in a rabbit model and a pig model, respectively. 75, 76 After 24 weeks of implantation, MSCs distributed throughout the regenerated ligament with characteristic four zones being reconstructed. However, the micro-CT results indicated that nearly no mineralized tissue was formed in the inner tunnels of implants.
Implanted ligament grafts without the ligament-to-bone interface will lead to a poor integrating with the bone, which has been the main reason for ligament graft failure. To solve this problem, He et al. 77 established a co-culture system and showed that osteoblasts and fibroblasts could induce bMSCs differentiation into the fibrocartilage cells. To improve osteoblasts activities, the scaffold was coated with HA. After three weeks of culture, a gradualness transition from unmineralized to mineralized region formed in the cocultured constructs, which was crucial for ligament-bone interface regeneration. In order to further enhance the bone tunnel regeneration, low-crystallinity HA-modified SF scaffolds were developed by Shi et al. 78 About 80% of primordial mechanical properties and 60% of bone volume were reverted after four months of restoration in a rabbit model. Remarkable amount of new bone formation was also verified by histological analysis and micro-CT.
Since the poor healing ability of native tendon, the regeneration of injured tendon remains a difficult challenge. Chen et al. 79 knitted a silk-collagen scaffold and evaluated its tendon restoration efficacy. Human embryonic stem cell (hESC)-derived MSCs were seeded onto the composite scaffolds and suffered mechanical stimulus in vitro. Distinctly expressed tendon-related gene makers and tenocyte-like morphology were observed. While used in a rat tendon injury model, the engineered tendon subject in vivo mechanical stimulation showed larger collagen fibers and more regularly aligned cells which in turn led to reinforced tendon restoration in situ. In the subsequent study, the composite sponge scaffolds were also associated with the tendon-specific transcription factor scleraxis (SCX) and hMSC differentiated from hESCs. 80 
Skeletal muscle tissue engineering
Skeletal muscle is also called striated muscle. It refers to tissues that transform the chemical energy saved in glucose to the mechanical energy efficiently. Skeletal muscle is one of the most crucial functional parts of the organism's organs. 81 There are more than 600 skeletal muscles in the human body which can cause locomotion of the organism itself as well as movements of internal organs. Longitudinal arranged myofilaments composed the skeletal muscle fiber with actin and myosin as the major components. Traumatic injury or diseases such as amyotrophy may lead to muscle functional damage. Although many attempts have been made, skeletal muscle tissue regeneration is still a technological challenge.
SF benefits the proliferation and differentiation of myoblasts. It has been proved that the SF-modified PU scaffold can be used in hypopharyngeal tissue engineering. Shen et al. prepared a poly(ester-urethane) scaffold bonded with SF on the surface to improve its hydrophilicity and biocompatibility. 82 Compared with the control poly(esterurethane) group, better proliferation and differentiation of skeletal muscle cells and human hypopharynx fibroblasts were observed which indicated lower cytotoxicity and better biocompatibility. While SF-bonded poly(esterurethane) scaffold was planted hypodermic in the rat back, a better biocompatibility to the peripheral tissue and a faster degradation than the non-SF modified group was detected.
Conclusion and future perspectives
To achieve functionally active systems, the regenerated tissue should successfully establish interaction with immune system in the body. The materials should also be designed particularly. Silk-based materials are easily controlled on scaffold morphology, mechanical modulus, and degradation rate with different structure. Silk has been demonstrated to be a promising biomaterial for use in regenerative medicine.
Until now, most studies have been centered on in vitro regeneration of bone, cartilage, ligament, and tendon. Study about the regeneration of skeletal muscle tissue is obviously less than hard tissues. Silk-based biomaterials have been studied widely enough; however, their clinical uses are still scarce. We believe that in vivo mechanical environments such as pressures in the body should be considered while designing a material. Besides, more efforts should be paid on in vivo studies. The understanding of silk molecule structure and processing has advanced which gives more opportunities in the use of silk in MTE. Anyhow, we anticipate great progress in the investigations on silk-based materials and probabilities of clinical success in the near future.
